An a c o u s t i c modal a n a l y s i s has been performed in the c a v i t y of a composite c y l i n d e r model of an a i r c r a f t f u s e l a g e . The filament wound, composite s h e l l is 12 f e e t long and 5.5 f e e t i n diameter.
e x c i t e d by white n o i s e from a loudspeaker source. The measured a c o u s t i c resonance f r e q u e n c i e s and mode shapes compare well with a n a l y t i c a l p r e d i c t i o n s from the P r o p e l l e r A i r c r a f t I n t e r i o r h o r i z o n t a l mode shape p o i n t s p r e s s u r e Levels a t i n t e r l o r and boundary l o c a t i o n s sound pressure a t g r i d l o c a t i o n r a d l a l d i s t a n c e t o f i n i t e d i f f e r e n c e 
Noise (PAIN) model. d e r i v a t i o n of the a c o u s t i c c h a r a c t e r i s t i c s have been included. Reverberation time measurements, using the i n t e g r a t e d i m p u l s e technique, have been performed t o determine a c o u s t l c loss f a c t o r s .

These meaeured 108s f a c t o r s have been input t o the
PAIN program i n o r d e r t o more a c c u r a t e l y p r e d i c t the s p a c e a v e r a g e d i n t e r i o r n o i s e of the composite c y l i n d e r . D e t a i l s of t h e theory and
Introduction
Passenger acceptance of new propeller a i r c r a f t , such as the advanced turboprop a i r c r a f t , is highly dependent on the c o n t r o l of i n t e r i o r m a t e r i a l s t o primary and secondary s t r w t u r e s , combined with the high noise levels generated hy advanced turboprops, have f o s t e r e d tk need for comprehensive t h e o r e t i c a l and experimental a c o u s t i c research to f u l l y examtne and d e s c r i b e the acoiietlc behavior of t h i s type of a i r c r a f t . one p r e d i c t i o n method, the P p p e l l e r A i r c r a f t I n t e r i o r Noise (PAIN) model. has r e c e n t l y been modified t o permit the p r e d i c t i o n of the spaceaveraged sound pressure l e v e l s i n s i d e f u s e l a g e s c o n s t r u c t e d of laminated composites. As p a r t o f the Advanced Composites S t r u c t u r e s Technology (ACST) program, a COmpoSite f u s e l a g e model has been designed and f a b r i c a t e d which w i l l meet the design requirements of a 1990 large t r a n s p o r t a i r c r a f t q t l p u t s u b s t a n t i a l welght and cost p e n a l t i e s . , some s t r u c t u r a l and a c o u s t i c c h a r a c t e r t s t i c s of t h i s l a h o r n t o r y model can be found i n r e f e r e n c e 4. The purpose of the p r e s e n t i n v e s t i g a t i o n is t o determine e x p e r i m e n t a l l y the a c o u s t i c modal frequencies and loss f a c t o r s of t h e composite c y l i n d e r w i t h f l o o r and compare them with values from the PAIN p r e d i c t i o n model. A Computer Aided Test (CAT) system vas used t o noise l e v e l s . The a p p l i c a t i o n of COmpOSite conduct a sound p r e s s u r e level and phase survey of the enclosed volume while being s u b j e c t e d to random noise. This survey m s used t o determine the most dominant low-frequency (below 500 Hz) a c o u s t i c modes i n the c a v i t y , f o r comparison with those p r e d i c t e d by the PAIN program. The a c o u s t i c loss f a c t o r s e r e determined using the i n t e g r a t e d impulse method.
Propeller Aircraft Interior Noise node1
A computer program, e n t i t l e d PAIN ( P r o p e l l e r A i r c r a f t I n t e r i o r Noise), has k e n developed f o r p r e d i c t i n g tk sound p r e s s y e l e v e l s i n s i d e p r o p e l l e r -d r i v e n a i r c r a f t .
The development, v e r i f i c a t i o n and a p p l i c a t i o n of t h i s model can be found i n r e f e r e n c e s 5-13.
The program c a l c u l a t e s tk space-averaged sound p r e s s u r e l e v e l s i n s i d e the cabin space of an i d e a l i z e d f u s e l a g e a t the p r o p e l l e r hlade passage frequency and i n t e g r a l m u l t i p l e s of t h a t frequency. The f u s e l a g e model c o n s i s t s of a c y l i n d e r s t i f f e n e d by ring frames and s t r i n g e r s and a s t r u c t u r a l l y i n t e g r a l floor. I n the most r e c e n t version, tk skin can be of a conventional homogeneous w a t e r i s 1 ( e . g . aluminum) or a laminated composite m a t e r i a l . The i n t e r i o r surface of t h e cahin nay be t r e a t e d w i t h a t r i m i n s u l a t i o n and lining. The primary elements of the PAIN model are i l l u s t r a t e d in N m r e 1.
The PAIN model a d d r e s s e s the major f a c t o r s t h a t i n f l u e n e the sound f i e l d i n s i d e the cabin. The flow c h a r t In N g u r e 2 o u t l i n e s the h a s i c sequence of tk master PAIN program. The a n a l y s i s requlres a p r e c i s e d e s c r i p t i o n of the e x t e r i o r n o i s e f i e l d ( p r e s s u r e amplitude and phase) which is defined over a g r i d t h a t l i e s on the f u s e l a g e s k i n . This i n p u t d a t a can he measured or p r e d i c t e d . ?or example. p r o p e l l e r d a t a can he generated using B noise p r e d i c t i m program such a s ANOPP ( A i r c r a f t Noise P r e d i c t i o n Program) .I4 S t r u c t u r a l modal p r o p e r t i e s (resonance f r e q u e n c i e s and made shapes) are c a l c u l a t e d by the a u x i l i a r y programs MRP and MRPMOD. These programs r e q u i r e i n p u t d a t a such a s the c y l i n d e r geometry, the s t i f f e n e r geometry and bending r i g i d i t i e s , the c y l i n d e r and f l o o r masses per m i t area and the l o c a t i o n of the f l o o r . T k resonance f r e q u e n c i e s and mode shapes f o r B two-dimensional crossSection of tk a c o u s t i c space a.ce c a l c u l a t e d by t h e program CYL2D. The angle a t which the f l o o r is located must be input t o t h i s program. The o u t p u t from these programs must be combined with a d d i t i o n a l i n p u t d a t a r e l a t e d to the s p e c i f f c test specimen ( s t r u c t u r a l and acoustic l o s s f a c t o r s , s i d e w a l l t r i m c h a r a c t e r i s t i c s , e t c . ) before a space-averaged sound pressure l e v e l i n s i d e the c y l i n d e r can be computed. I f these c h a r a c t e r i st t c s are determined e x p e r i m e n t a l l y , the p r e d i c t i o n model will more a c c u r a t e l y d e s c r i k the e x p e r f m e n t l l s i t u a t i o n .
M a l Properties of the Cabin Space
For a c y l i n d r i c a l c a v i t y , tk a c o u s t i c modal c h a r a c t e r i s t i c s (resonance f r e q u e n c i e s , mode shapes, e t c . ) can be determined in closed form by an a n a l y t i c a Thus, a numerical method, e i t h e r f i n i t e elements or f i n i t e d i f f e r e n c e s . must be used t o solve t h i s problem.
Since the endcap boundaries are p a r a l l e l , the modal c h a r a c t e r i s t i c s i n the a x i a l d i r e c t i o n can k e a s i l y determined, and the problem can be reduced t o a c r o s s -s e c t i o n a l one. me f i n i t e d i f f e r e n c e technique i s the simpler of t k two numerical methods, and i s used f o r the p r e s e n t case. where ' 7 = -+ -f o r r e c t a n g u l a r c o o r d i n a t e s . Figure 3 . the c e n t r a l d i f f e r e n c e formula y i e l d s ax2 ay2
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where $m = P , , * = P(xm,y,) i s the pressure and h i s the g r i d spacing. h l l y h a l f of the c y l i n d e r cross s e c t i o n is considered, s i n c e i t i s symmetric ahout n=O ( t h e v e r t i c a l through the bottom of the c y l i n d e r ) . S u b s t i t u t i o n of t h e s e d i f f e r e n c e e q u a t t o n s i n t o equation ( I ) gives the Helmholtz equation i n t e r m of f i n i t e d i f f e r e n c e s . where = k2h2. Thls e q u a t i m i s v a l i d f o r all p o i n t s deflned as i n t e r i o r ( I ) or boundary ( 8 ) p o i n t s . Note t h a t houndary p o i n t s may l i e i n s i d e or o u t s i d e the cylinder, depending on which point of the g r i d l i e s c l o s e s t t o the c y l i n d e r ( F i g u r e 3).
For each boundary p o i n t . e x t e r i o r (E) p i n t s are r e q u i r e d to solve tk f i n i t e d i f f e r e n c e e q u a t i o n . The number of boundary c o n d i t i o n e is equal t o the number n e c e s s a r y to e l i m i n a t e a l l o f the e x t e r i o r p o i n t s .
The haundary c o n d i t i o n r e q u i r e s t h a t the outvard normal g r a d i e n t ( v e l o c i t y ) is zero. T h i s c o n d i t i o n assumes t h a t the wall admittance is
s u f f i c i e n t l y m a l l t h a t i t m y be neglected. Thus, the s h e l l boundary c o n d i t i o n above the f l o o r i s ,
( 7 )
Far tk geometry d e p i c t e d in Figure 4 2 = -cose
(9)
Applying the chain r u l e t o equation ( 
The boundary c o n d i t i o n along the floor, 0 < E < E, can be o b t a i n e d from e q u a t i o n ( 1 1 ) by y i e l d s s e t t i n g e, = 0 whenever e, < eo. This P m , n +~ = Pm,n-1
(12)
Th? g e n e r a l s o l u t i o n can he r e p r e s e n t e d in m a t r i x n o t a t i o n as
where [PI) is the column v e c t o r c o n t a i n i n g the pressure a t i n t e r i o r and boundary p o i n t s . The m a t r i x [A] is c o n s t r u c t e d such t h a t the Helmholtz d i f f e r e n c e e q u a t i o n ( 6 ) and the boundary condit i o n s ( e q u a t i o n s 11 and 12) w i l l be s a t i s f i e d .
The e i g e n v a l u e s and e i g e n v e c t o r s are c a l c u l a t e d for symmetric and m t i s y m m e t r i c modes s e p a r a t e l y , and ranked i n ascending order of frequency. The eigenvalue A i corresponds t o the mode shape + i ( x , y ) , where i is the two-dimensional mode c o u n t e r . The resonance f r e q u e n c i e s output by the program CYCZll are where the r a d i u s a is normalized to one meter. The resonance f r e q u e n c i e s f o r the t h r e edimensional space ace given hy
The a c o u s t i c mode shapes f o r the three-dimensional space ace given by t h e e t g e n v e c t a r s where 4 f ( x , y ) = mf(j) is the two-dimensional mode c a l c u l a t e d by the f i n i t e d i f f e r e n c e technique.
The maximm value f o r any g r i d l o c a t i o n is normalized t o l m i t y and the o t h e r values ate s c a l e d in o r d e r to maintain the o r i g i n a l computed r a t i o s .
The a c o u s t i c nede n o r m a l i z a t i m f a c t o r is (17) The denominator of t h i s expression can he expanded a s where 3 counts over a l l i n t e r i o r l o c a t i o n s . The parameter C ( j ) e q u a l s 1 f o r bolmdary p o i n t s and c e n t e r l i n e (x=O) l o c a t i o n s , while c ( 3 ) e q u a l s 2 for i n t e r i o r p o i n t s .
i f o r a c y l i n d e r with u n i t r a d i u s . as outpat from the f i n i t e d i f f e r e n c e s program, is Also. E4 = 2 f o r q = 0 and The g e n e r a l i z e d mass f o r mode " Composite Cylinder T e s t Article T k f u s e l a g e model used i n the c u r r e n t s t u d y is a filament-wound s t i f f e n e d c y l i n d e r 5.5 f e e t in diameter and 12 f e e t in l e n g t h . The composite m a t e r i a l for the shell of t h e cyltnder c o n d s t 9 of carbon f i b e r s embedded in an epoxy resin. The ply-sequence o f the c y l i n d e r ' s skin is f45, 232. 90, 732, 745 for a t o t a l t h i c k n e s s of 0.067 i n c h . The b a s i c design o f the s t i f f e n e d c y l i n d e r i n c l u d e s 10 J-section ring frames and 2 2 e v e n l y spaced hat-section s t r i n g e r s . A one-halfinch t h i c k plywood f l o o r , s t i f f e n e d with aluminum I-beams, is i n s t a l l e d 2 1 . 4 i n c h e s above the bottom of the c y l i n d e r . A l l elements of the c y l i n d e r are rivet-bonded t o g e t h e r . Figure 4 shows a c r m s s e c t i o n of the floor-equipped c y l i n d e r with d e t a i l of the stringer-frame enforcement. Impact t e s t i n g y d i performed to determine important modal p r o p e r t i e s (resonance f r e q u e n c i e s , mode shapes, e t < . ) of the t t r u c t u r e f o r comparison with tk a n a l y t i c a l model.
Special endcaps were c o n s t r u c t e d from t h r e e l a y e r s o f 1.25-inch t h i c k p a r t i c l e hoard with a 0.125-inch wide groove r o u t e d out to support the c y l i n d e r . me endcaps are s u f f i c i e n t l y massive so t h a t any a i r b o r n e sound transmission through them d u r i n g a c o u s t i c t e s t i n g is n e g l i g i b l e compared to the sound t r a n s m i s s i o n through the c y l i n d e r -11. The e n t i r e s t r u c t u r e is held t o g e t h e r by four 0.50-inch diameter t e n s i o n rods whose v i b r a t i o n resonances are e f f e c t i v e l y damped by s p e c i a l l y designed wooden clamping devices.
The spaces above and below the f l o o r are a c o u s t i c a l l y i s o l a t e d by rubber g a s k e t s and s i l i c o n rubber s e a l a n t . Access t o the i n t e r i o r of the c y l i n d e r is f a c i l i t a t e d by a two-foot by two-foot hinged Figure 5 . The microphones are l o c a t e d a t i n t e g r a l m u l t i p l e s of f i v e i n c h e s from the c e n t e r l i n e . b e of the s i x microphones is p o s i t i o n e d between the c e n t e r beam and t h e floor. The microphone boom can he t r a n s l a t e d
along the I-beam over the e n t i r e l e n g t h of t h e c y l i n d e r and r o t a t e d through 220 degrees. In t h i s manner, a c o u s t i c measurements can he obtained a t d i f f e r e n t r a d i a l p o s i t i o n s f o r any d e s i r e d cross Sect ion.
Modal Frequencies
The i n t e r i o r of the c y l i n d e r wae s u b j e c t e d t o white noise from a loudspeaker source l o c a t e d in B corner where the f l o o r meets the f r o n t endcap and the c y l i n d r i c a l s h e l l . Frequency s p e c t r a , over the range 0 -500 Hz (1Hz bandwidth), *ere o b t a i n e d f o r each of the s i x microphones a t 11 evenly spaced l o c a t i o n s along the c y l i n d e r ' s l e n g t h with the boom o r i e n t e d in the v e r t l c a l plane.
Additional s p e c t r a were obtained f o r 15 r a d i a l l o c a t i o n s with the boom p o s i t i o n e d 1 1 f e e t from the c y l i n d e r ' s f r o n t endcap. Modal f r e q u e n c i e s and mode shapes were i d e n t i f i e d from peak sound pressure levels i n the freqtrency s p e c t r a and equal sound pressure l e v e l contour p l o t s .
S o w of these measured mode shapes a r e shown i n Figure 6 . Adjacent contour lines repres e n t a 3 dR change i n root-mean-square sound pressure level. The heavy s o l i d lines i n d i c a t e the nodal l i n e s of the measured a c o u s t i c mode s h a p e s , where the r o o t man square p r e s s u r e is a minimum and p r e s s u r e s on e i t h e r s i d e are out of phase.
TO compare with the c a l c u l a t e d modal f r e q u e n c i e s e q u a t i o n 14 is S u b s t i t u t e d i n t o e q u a t l o n 15 f r e q u e n c i e s as evidenced by t h e r e s u l t s in Table  I . The c a l c u l a t e d a c o u s t i c mode shapes are p r o j e c t e d onto the equal contour p l o t s i n Figure 6 (dashed l i n e s ) and compare well with the measured mode shapes. The lowest two modes (47 Hz and 94 Hz) are one-dimensional modes along t h e l o n g i t u d i n a l dimension of the c y l i n d e r . having one and tw nodal l i n e s r e s p e c t i v e l y . The sound p r e s s u r e l e v e l f o r these modes does n o t vary s i g n i f i c a n t l y over the cross s e c t i o n . k the frequency increases the mode shapes become higher ordered and are more d i f f f c d t t o e x t r a c t from the sound pressure level contour p l o t s . An example i s provided by the (4.0.1) mode 8t 249 Hz ( F i g u r e 8). Here the component of t h e mode in the cross s e c t i o n dominates tte l o n g i t u d i n a l component of t h e mode, which a p p e a r s t o be i n t r a n s i t i o n hetween a mode with folp nodal lines and one w i t h Table I . Addittonal measurements, for other cross s e c t i o n s of the i n t e r i o r , are r e q u i r e d t o improve the r e s o l u t i o n of t h e s e modes. 
W'
where the r e v e r h e r a t i o n time, TI(. is defined as t h e time for the sound p r e s s u r e l e v e l i n an enclosure t o decay through 60 dB.
The u s u a l method to m a w r e the r e v e r b e r a t i o n time is the i n t e r r u p t e d n o i s e method where tk sound decay in the enclosure is recorded a f t e r f i l t e r e d white noise I s a b r u p t l y switched o f f . Since the n o i s e source is random in n a t u r e , the n o i s e a t the i n s t a n t of t n t e r r u p t i m is s t s t i s t i c a l l y u n c e r t a i n , r e s u l t i n g in wor r e p e a t a b i l i t y o f the decay curves. It is impossible t o make d e t a i l e d i n v e s t i g a t i o n s of the decay curves a s irregularities are masked by random f l u c t u a t i o n s . To o b t a i n r e p r e s e n t a t i v e r e s u l t s , averaKinl: of m n y wa'3Ure-ments and the assurance of a wide dynamic range (35 dB) are n e c e s s a r y .
For the c u r r a n t study. the r e v e r b e r a t i o n times OF the enclosure were determined using tk i n t e g r a t e d impulse nethod. This technique does not r e q u i r e measurements over such a wide dynamic range and o f t e n a i d s in the d e t e c t i o n of nonand i n t e g r a t e s the response of an enclosure to a s i n g l e impulse e x c i t a t i o n , thereby o h t a i n i n g a ( 2 D ) e x p o n e n t i a l decays. Basically, the method squares 112 smooth decay curve which r e p r e s e n t s the ensernhle average of the decay curves obtained using the standard r e v e r b e r a t i o n technique. Additional where q is the l o n g i t u d i n a l mode counter and f i 1 s the c r o s s -s e c t i o n a l mode output from CYL2D.
experimental and c a l c u l a t e d a c o u s t i c modal
Coal agreement has been obtained hetween
16.
The r e v e r b e r a t i o n times f o r one-third octave bands up to and i n c l u d i n g t h e 500 Hz c e n t e r frequency %re r e a s u r e d using a r e v e r b e r a t i o n pcocessor based on tk i n t e g r a t e d impulse method.
The mlcrophone boom 149 p o s i t i o n e d i n a Cross s e c t i o n 11 f e e t from the f r o n t endcap and measurements =re o b t a i n e d a t s i x v e r t t c a l and s i x horiz o n t a l microphone l o c a t i o n s . The r e v e r b e r a t i o n times =re converted to a c o u s t i c loss f a c t o r s using e q u a t i o n 21 and are t a b u l a t e d in Tablc 11. A~S O included i n t h i s t a b l e i s the average a c o u s t i c loss f a c t o r over a l l the microphones for each a p p r o p r i a t e frequency band. In the low-frequency r e g i o n tk a c o u s t i c loss f a c t o r s are depend e n t on the presence of r e w n a n t modes within a frequency band. Those bands without resonant modes =re found t o have h i g h e r loss f a c t o r s than those with only a few resonant modes. A t h i g h e r f r e q u e n c i e s . the modal d e n s i t y increases i n 9uccessive frequency bands, and the a Figure 7 .
Interior N o l e e Prediction
Ongoing r e s e a r c h is focused on t h e measurement and p r e d i c t l o n of the noise r e d u c t i o n of the composite c y l i n d e r .
TO determine the noise r e d u c t i o n , the PAIN program r e q u i r e s information about the modal response of tk s t r u c t u r e and t h e a c o m t l c space and the e x t e r i o r noise source. The s t r u c t u r a l modal f r e q u e n c i e s and mode shapes for the composite c y l i n d e r have been c a l c u l a t e d p r e v i o u s l y and compare r e e s a n a b l y well with t h e measured c h a r a c t e r i s t i c s .
Good agreement has been obtained f o r the measured and c a l c u l a t e d a c o u s t i c modal f r e q u e n c i e s and mode shapes. S t r u c t u r a l damping and a c o u s t i c loss f a c t o r s have been determtned e x p e r i m e n t a l l y and have been e n t e r e d i n t o the PAIN program. An'exponential horn IRS used as an e x t e r i o r noise source, located t h r e e f e e t from t k f r o n t endcap and one inch from t h e c y l i n d e r s h e l l (Figure 8 ). The horn mas drtven a t 183.5 Hz w i t h an overtone at 167.0 H z . The sound pressure l e v e l ineasured by the e x t e r i o r microphone a t these f r e q u e n c i e s was 132.7 dR and 104.7 d8. The i n t e r i o r sound p r e s s u r e level 14s measured by a mlcrophone located in t h e corner where the f l o o r w e t s the f r o n t endcap and the c y l i n d r i c a l s h e l l ( F i g u r e 8 ) . The measured noise r e d u c t i o n was 29.6 dR a t 183.5 Hz and 20.9 dB a t 367.0 Hz. the n o i s e r e d u c t i o n s c a l c u l a t e d using t h e PAIN program e r e 21.3 dB and 10.5 dR.
S e v e r a l reasons may c o n t r i b u t e t o the d l s c r ep a n c i e s hetween reasurement and p r e d i c t i o n . The i n t e r i o r sound pressure level was measured by o n l y one microphone and does n o t r e p r e s e n t n spaceaveraged l e v e l . Small inaccuracies in the p r e d i c t i o n s of the s t r u c t u r ' s l and a c o u s t i c modes w t l l change t h e i r coupllng and a f f e c t the c a l c u l a t e d i n t e r i o r noise l e v e l s . F i n a l l y , the noise r e d u c t i o n is dependent on tk l o c a t i o n of the e x t e r i o r noise source 
Concluding Remarks
An a c o u s t i c modal a n a l y s i s has been performed I n the c a v i t y of a composite c y l i n d e r .
The measured resonance f r e q u e n c i e s and mode s h a p e s have k e n compared w i t h p r e d i c t i o n s from the P r o p e l l e r A i r c r a f t I n t e r i o r Noise model. The resonance f r e q u e n c i e s t h a t =re e x t r a c t e d from the measurements agree t o within a few Hertz of tk p r e d i c t e d f r e q u e n c i e s . The node shapes m t c h r e a s o n a b l y well except for those where the microphones ?+ere p o s i t i o n e d close t o a nodal l i n e .
Additional measurements using d i f f e r e n t p o s t t i o n s o f t h e microphone boom should a i d in i d e n t i f y i n g a l l remaining mode shapes. Acoustic loss f a c t o r s were o b t a i n e d from r e v e r b e r a t i o n t i m e measurements in the c a v i t y using the i n t e g r a t e d impulse technique. Frequency bands w i t h few or no resonant modes had higher a c o u s t i c loss f a c t o r s than frequency bands with h i g h e r modal d e n s i t i e s .
An average a c o u s t i c loss f a c t o r over a l l t h e microphone p o s i t i o n s was computed which has been e n t e r e d i n t o the PAIN program to malte i n t e r i o r noise p r e d i c t i o n s f o r t h i s f u s e l a g e model. E f f e c t s of A c o u s t i c Treatment on t h e I n t e r i o r Noise of a M n -E n g i n e Propeller A i r p l a n e . J o u r n a l of A i r c r a f t , "01. 1 -l o n g i t u d i n a l , h -h o r i z o n t a l , " -v e r t i c a l 
